Most Mendelian disorders, including neuromuscular disorders, display extensive clinical heterogeneity that cannot be solely explained by primary genetic mutations. This phenotypic variability is largely attributed to the presence of disease modifiers, which can exacerbate or lessen the severity and progression of the disease. LAMA2-deficient congenital muscular dystrophy (LAMA2-CMD) is a fatal degenerative muscle disease resulting from mutations in the LAMA2 gene encoding Laminin-a2. Progressive muscle weakness is predominantly observed in the lower limbs in LAMA2-CMD patients, whereas upper limbs muscles are significantly less affected. However, very little is known about the molecular mechanism underlying differential pathophysiology between specific muscle groups. Here, we demonstrate that the triceps muscles of the dy 2j /dy 2j mouse model of LAMA2-CMD demonstrate very mild myopathic findings compared with the tibialis anterior (TA) muscles that undergo severe atrophy and fibrosis, suggesting a protective mechanism in the upper limbs of these mice. Comparative gene expression analysis reveals that S-Adenosylmethionine decarboxylase (Amd1) and Spermine oxidase (Smox), two components of polyamine pathway metabolism, are downregulated in the TA but not in the triceps of dy 2j /dy 2j mice. As a consequence, the level of polyamine metabolites is significantly lower in the TA than triceps. Normalization of either Amd1 or Smox expression in dy 2j /dy 2j TA ameliorates muscle fibrosis, reduces overactive profibrotic TGF-b pathway and leads to improved locomotion. In summary, we demonstrate that a deregulated polyamine metabolism is a characteristic feature of severely affected lower limb muscles in LAMA2-CMD. Targeted modulation of this pathway represents a novel therapeutic avenue for this devastating disease.
Introduction
Congenital muscular dystrophy (CMD) represents a highly heterogeneous group of disorders, manifesting as severe muscle wasting and poor motor movements, which appear at birth or shortly thereafter. Approximately 40% of CMD cases are classified as Laminin-a2 (previously called merosin)-deficient CMD (LAMA2-CMD), which is caused by mutations in the LAMA2 gene. The Laminin-a2 is part of Laminin-211 protein complex, which is expressed in the basement membrane of muscle and Schwann cells (1) (2) (3) . Consequently, children affected by LAMA2-CMD develop profound muscle hypotonia and weakness, accompanied by contractures or muscle tendons tightening, dysmyelinating neuropathy and white matter abnormalitites. Remarkably, the muscle-related phenotypes predominantly affect lower limbs, including hips, knees and ankles, which together contribute to their inability to walk (4) (5) (6) . The clinical heterogeneity and variability in the extent of myopathy in different muscle groups led us to postulate a presence of diseasemodifying factors in protected LAMA2-CMD muscles.
Similar to affected patients, the dy 2j /dy 2j mouse model of LAMA2-CMD exhibits an apparent hindlimb atrophy starting at 1 month of age (7), yet the forelimb muscles are only mildy affected. The dy 2j /dy 2j mouse model carries a splice-site mutation in the Lama2 gene, causing exclusion of exon 2 from its transcript and production of a truncated, non-functional Lama2 protein (8, 9) . In our previous study, we have shown that CRISPR/ Cas9-mediated correction of a splice-site mutation ameliorates the dystrophic phenotypes in the dy 2j /dy 2j mice (10) . However, due to the heterogeneity of disease-causing mutations, translation of this strategy to patients is challenging. This study is aimed at identifying disease-modifying factors underlying the myopathic heterogeneity between different muscle groups to develop a mutation-independent strategy to ameliorate dystrophic phenotypes in dy 2j /dy 2j mice. We performed comparative transcriptomic profiling and identified imbalanced polyamine metabolism as a contributing factor to previously unrecognized, distinctive myopathic phenotypes between tibialis anterior (TA) and triceps, which represent hind limb and forelimb muscles in dy 2j /dy 2j mice. We then developed a strategy to modulate polyamine level in vivo and observed improvement in dystrophic-associated fibrosis as well as locomotion.
Results
Severity of disease progression differ between hindlimb and forelimb muscles of dy 2j /dy 2j mice
We first determined whether significant phenotypic differences are present between hindlimb and forelimb muscles of the dy 2j / dy 2j mice at various stages of disease progression. TA and triceps from 3-, 5-, 12-and 20-week-old dy 2j /dy 2j mice were analyzed for the dystrophic pathophysiology. In agreement with previous reports, dy 2j /dy 2j mice become paralyzed at the age of 3 weeks and present with little to no mobility at the age of 20 weeks (7, 11) . In the TA muscles, we observed progressive inflammatory infiltration starting at 3 weeks onwards ( Fig. 1a-d) , with only sporadic presence of centrally nucleated fibers, suggestive of an inefficient regeneration process. The extent of fibrosis in the TA muscles increased over time, leading to augmented fibrotic tissue deposition at the age of 20 weeks old (Fig. 1d) . In contrast, severe inflammatory changes are observed in the triceps muscles starting from the early age of 3 weeks old, which recapitulates a previously reported study in dy W mice demonstrating infiltration of mononucleated cells as an early signature of muscle pathology (7) . However, the severe inflammation gradually decreases over time, with a nearly normal histology at the age of 20 weeks old ( Fig. 1e-g ). Centrally nucleated fibers are evident starting at the age of 5 weeks old onwards, and fibrosis is negligible in the triceps muscles compared with TA (Figs 1h and 2a). Analysis of muscle histology at the age of 12 weeks old showed $5-fold less fibrotic tissue in the triceps compared with the TA (Fig. 2a) . Truncated Lama2 protein is expressed at comparable level in TA and triceps (10) and thus cannot attribute to the stark phenotypic differences between the myopathy and regeneration capacity in both muscles. Taken together, our data suggest that an efficient regeneration process is likely responsible for the milder phenotype in the triceps.
Severe hindlimb myopathy in dy 2j /dy 2j mice is attributed to reduced expression of key enzymes in polyamine biogenesis pathway Supplementary Material, Fig. S2 ). Both Amd1 (Fig. 2c) and Smox ( Fig. 2d ) are expressed at lower levels in TA compared with triceps continuously at all time points analyzed. These data suggest that reduced Amd1 and Smox protein levels may contribute to the disease severity phenotype in the dy 2j /dy 2j mice.
Decrease in Amd1 and Smox expression results in lower polyamine levels in severely affected TA muscles
Polyamines, small metabolites derived from L-arginine and methionine, are important for cell proliferation and their intracellular concentration is strictly regulated by a set of enzymes, including Amd1 and Smox. Decrease in the amount of polyamines interferes with cell growth (12), while excess appears to be toxic (13) .
We investigated the consequences of low levels of Amd1 and Smox proteins by quantifying the amount of three most abundant polyamines: putrescine, spermidine and spermine using High performance liquid chromatography/mass spectrometry (HPLC-MS/ MS) ( Fig. 2e-g ). We observed lower amounts of putrescine, spermidine and spermine in dy TA muscles. Although slightly variable between the three polyamines and the age group analyzed, the differences were apparent starting at 3 weeks of age and became more evident at the later stage of the disease, reaching significance at 12 and 20 weeks.
Exogenous polyamine enhances dy 2j /dy 2j myoblast growth Our comparative analysis suggests that, in contrast to the TA muscles, higher Amd1 and Smox expression in the triceps may contribute to its efficient regeneration process, and eventually the milder phenotypes. Therefore, to investigate whether modulation of polyamine is beneficial for cellular muscle growth under dystrophic condition, we isolated myoblasts from wild-type and dy 2j /dy 2j muscles and measured its proliferation rates (Fig. 3a, Supplementary Material, Fig. S3 ). Similar to previously reported findings, the dy 2j /dy 2j myoblasts proliferate slower than wild-type (7). Addition of 50 lM of putrescine into the culture media increased the dy 2j /dy 2j myoblast proliferation, whereas 500 nM of difluoromethylornithine (DFMO), an inhibitor of ornithine decarboxylase 1 (Odc1), a rate-limiting enzyme important for conversion of ornithine to putrescine (Supplementary Material, Fig. S1 ), inhibited the growth. Importantly, addition of putrescine was able to rescue the DFMO-mediated growth inhibition in dy 2j /dy 2j myoblasts.
Next, we asked whether overexpression of Amd1 or Smox could enhance dy 2j /dy 2j myoblast growth. We found that either Amd1 or Smox alone increased Ki67 expression, a marker for cell proliferation (Fig. 3b) . However, we did not observe any synergistic effect on cell growth when both Amd1 and Smox were overexpressed. Taken together, these data demonstrate the important role that polyamines play in muscle growth/ homeostasis, which warrants further investigation of this pathway in vivo. Fig. 4a and b) . Evaluation of the protein levels showed comparable expression of Amd1 and Smox in TA and triceps in the treated groups, whereas both proteins remained lower in TA muscles of control animas treated with a GFP-encoding vector ( Fig. 4a and b) . Importantly, normalization of Amd1 and Smox protein levels improved muscle histopathology in TA (Fig. 4c ).
We next assessed the level of classical fibrotic marker vimentin, as well as Smad2/3 phosphorylation, which indicates overactivation of profibrotic transforming growth factor (TGF)-b signaling in dystrophic muscles (7, 14, 15) . In control GFP-injected animals, vimentin expression levels were higher in TA than triceps, supporting our observation of severe fibrosis in the hindlimb of dy 2j /dy 2j mice (Figs 2a and 4d ). In contrast, the lentiAmd1 and lenti-Smox injected TA showed reduction in the vimentin protein level to an extent similar to the triceps (Fig. 4d) , and decreased level of Smad2/3 phosphorylation (Fig. 4e) (Fig. 4f) . Remarkably, the dy 2j /dy 2j mice overexpressing Amd1 and Smox were able to complete 7697.27 6 603.93 cm and 5203.54 6 818.01 cm distance traveled, respectively, which is significantly higher than the control animals (Fig. 4f) . Collectively, these data demonstrate that restored expression of Amd and Smox improves the dystrophic phenotypes in the dy 2j /dy 2j mice, strongly implicating their capacity as protective disease modifier.
Discussion
In this study, we described presence of an imbalanced polyamine metabolism in the severely affected hindlimb TA compared with the mildly affected triceps muscles in dy 2j /dy 2j mice.
Genetic rescue of Amd or Smox expression, two critical components of this pathway, significantly improved muscle fibrosis and functional motor activity of the dy 2j /dy 2j mice.
Muscle-specific phenotypic differences are commonly observed in a wide range of muscular dystrophies. For example, in limb-girdle muscular dystrophy, in which the myopathy strictly affects the limb musculature, proximal muscles are significantly more affected than distal (16) . Furthermore, in dystrophindeficient mice (mdx), the extraocular muscles are spared, limb muscles are moderately affected, whereas the diaphragm exhibits a very severe phenotype (17) . Genome-wide expression profiling has been valuable for the discovery of novel factors involved in the dystrophic molecular signature, such as fibrosis, inflammation and failure of muscle regeneration. Previous reports have observed reduced Amd1 and/or Smox transcript levels in mdx (18-20) (publicly available in Gene Expression Omnibus profile database GDS2996, GDS4200) and dy 3K /dy 3K mice (21) (GDS3371), as well as muscle atrophy models in mice and rats (22, 23) , however, none of the studies directly interrogated the role of polyamine metabolism in the pathogenesis of muscular dystrophies. In contrast, earlier studies in human patients reported higher polyamine levels in muscle biopsies from individuals affected with myotonic dystrophy, limb-girdle muscular dystrophy and Duchenne muscular dystrophy, compared with age-and sex-matched controls (24, 25) . Furthermore, serum and urine polyamine levels were also elevated in these patients. However, to the best of our knowledge, there is no available data on individuals affected by MDC1A to date. In addition to the small number of patients and the type of tissues analyzed, the discrepancies between the human and mouse studies are likely attributed to differences in detection techniques, as the HPLC-MS/MS used in our and more recent studies is significantly more sensitive for metabolite analyses (22, 26, 27) . The cellular level of polyamines is tightly regulated through their synthesis and degradation, which is largely determined by the expression level of key enzymes in the pathway, including Amd1 and Smox. Although the regulatory control of Amd1 expression is mediated by ubiquitin-dependent proteolytic degradation at the protein level (28) , it is currently not known what underlines the changes at transcriptional level. We hypothesize that transcript stability and/or rate of transcription may account for it. On the other hand, the molecular mechanism underlying posttranscriptional regulation of Smox in humans has been attributed to several miRNAs that target its 3 0 Untranslated region (UTR), e.g. miR-320x and miR-139-5p (29) . Further studies will be required to assess whether these mechanisms are responsible for the downregulation of Amd and Smox in dy 2j /dy 2j mice.
What is the potential mechanism of the antifibrotic property of polyamines? Depletion of polyamines in epithelial cells results in increased expression of TGF-b/TGF-b receptors, which induce phosphorylation of downstream transcription factors Smad2/3 (30) . In dystrophic muscles, overactive TGF-b signaling leads to excess Smad2/3 phosphorylation and induces expression of genes responsible for impaired muscle growth and excess fibrosis (14, (31) (32) (33) . We propose that a decrease in polyamine levels induces excessive TGF-b signaling, and eventually exacerbates muscle atrophy and fibrosis in dy 2j /dy 2j muscles (Fig. 4g ). It has also been reported that depletion of polyamines leads to mitochondria-mediated apoptosis (34) , and addition of exogenous polyamines enhance satellite cell activation and expression of myogenic regulatory factors (35) , providing additional mechanistic insights to be explored in the future. Several strategies to target disease pathology in LAMA2-CMD mouse models have been explored during the past decade, aiming at compensating the loss of laminin-a2 with other extracellular matrix proteins, such as laminin-a1 (36), linkermediated laminin-a4 (37) and mini agrin (38, 39) , reducing fibrosis in the muscles using losartan, an antagonist of TGF-b Statistical analysis was performed using Student's t-test. *P < 0.05, **P < 0.01. Age-matched, untreated wild-type (a, c, f) and/or dy 2j /dy 2j (c-e) mice serve as controls to clarify data presentation. Schematic overview of crosstalk between TGF-b signaling and polyamine metabolism in dystrophic muscle (g). Circled P indicates phosphorylation.
signaling pathway (14) and counteracting apoptosis using Omigapil (40, 41) . The latter is currently in a phase I clinical trial to assess the safety profile and tolerability in patients with LAMA2-and Collagen 6-deficient CMD (clinical trial ID: NCT01805024). We have recently reported the first restoration of full-length laminin-a2 via CRISPR/Cas9-mediated correction of splicing defect in dy 2j /dy 2j mice (10) . The success of this mutation-dependent approach in ameliorating disease pathophysiology, including myopathy and neuropathy, depends on efficient targeting of the CRISPR/Cas9 components to in both skeletal muscles and peripheral nerves. Restoration of laminina2 solely restricted to skeletal muscles was not sufficient to restore paralysis and resulted in marginal improvement of fibrosis. Future studies will assess whether synergistic therapeutic effects can be achieved when combining Lama2 restoration and polyamine modulation and focus on identification of clinically relevant genetic and/or pharmacological agents to increase polyamine levels in a variety of dystrophic animal models. Differentially expressed genes from these comparisons were identified after false discovery rate adjustment using BenjaminiHochberg Step Up with P-value of <0.1. Top 20 downregulated and upregulated genes have !3.27-and 2.66-fold change, respectively. cDNA was synthesized from 500 ng of total RNA using oligo d(T) primers and SuperScript III kit (ThermoFisher) according to manufacturer's protocol. Quantitative qRT-PCR was performed using TaqMan probes for Smox and Amd1 normalized to 18s RNA.
Materials and Methods

Animals
Histology and western blotting
Muscles were flash-frozen in cooled isopentane, mounted in Tissue-Tek (Sakura), sectioned at 8 lm thickness and stained with hematoxylin-eosin (H&E). Intervening regions of the muscle sections were collected in 1.4 mm Zirconium Beads prefilled tubes (OPS Diagnostics) for proteins isolation. Sectioned muscles were lysed in 500 ml of RIPA homogenizer buffer [50 mM Tris-HCl pH 7.4, 150 nM NaCl, 1 mM EDTA supplemented with Phosphatase and Protease inhibitor cocktails (Roche)] using MagNA Lyser (Roche). Following three to four steps of homogenization at 10 s each, 500 ml of RIPA double detergents buffer (2% deoxycholate, 2% NP40 and 2% Triton X-100 in RIPA homogenizer buffer) was added to the lysates, which were then incubated for 45 min at 4 C with rotation and centrifuged for 10 min at 30 000g. The protein concentration of the supernatant was measured using the BCA assay (Thermo Fisher). Six micrograms of proteins were run on NuPAGE 4-12% Bis-Tris protein gels and transferred using the Novex systems (Life Technologies) according to manufacturer's protocol. The primary antibodies used in this studies were mouse monoclonal anti-Amd (SC-166970; 1:250), b-actin (SC-47778; 1:5000), rabbit polyclonal anti-Ki67 (AB15580; 1:500), Vimentin (Developmental Studies Hybridoma Bank, DSHB; 1:2500), Smox (SAB1101510; 1:250), phospho-Smad2/Smad3 (Cell signaling, mAB-8828s, 1:1000), GFP (AB-32146; 1:1000) and tubulin (1:5000). The signal was detected using Femto enhanced chemiluminescent (Thermo Fisher) in a Bio-Rad ChemiDoc Imaging and densitometry analysis was performed using Image J software. 
Cell culture
Primary myoblasts were isolated from extensor digitorum longus (EDL) of 3-week-old WT or dy 2j /dy 2j mice using previously described method (43) . Proliferation assay was performed using CellTiter 96 non-radioactive cell proliferation assay (Promega). Eflornithine hydrochloride (DFMO; ApiChemistry) and putrescine (Sigma-Aldrich) were supplemented into the cells at a concentration of 500 nM and 50 lM, respectively.
Lentiviral production, titer quantification and injection
Amd and Smox cDNA were purchased from Origene and cloned into CEP transfer plasmid using Gibson Assembly (New England Biolabs). Lentivirus were produced by cotransfecting 5 lg of transfer plasmid, 6.5 lg of REV responsive element (RRE), 3.5 lg of VSVG envelope and 2.5 lg of REV into HEK293T cells using Calcium phosphate method. Supernatant was collected 4 and 5 days posttransfection and filtered through 0.45 lm low-binding filter (EMD Millipore), centrifuged at 50 000g for 140 min at 4C. Viral supernatant was aliquoted and stored at À80 C prior to use. Titer was determined via flow cytometry. In brief, 293T cells were plated at 2.10 5 cells/well in a 12-wells plate. On day 2, cell number was determined and cells were transduced with 5-500 ll of crude supernatant in total of 500 ll of DMEM and 10% FBS. Three days later, the cells were trypsinized, centrifuged at 500g for 5 min and fixed with 1% formaldehyde in PBS for 5 min. 
